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Bicarbonate reabsorption in experimental renal disease: Effect
of proportional reduction of sodium or phosphate intake. In the
dog with an experimental form of advanced renal disease, bicar-
bonate reabsorption per Unit of GFR has been reported to be
increased in comparison to the rates of reabsorption obtained in
normal dogs. The increase occurs despite high fractional excretory
rates for phosphate and for sodium factors which could be expect-
ed to be associated with decreased bicarbonate reabsorptive
capacity. The present study examines the effect of 'proportional
reduction" of the intake of either phosphate or sodium on the
ability of the dog with experimental renal disease to reabsorb
bicarbonate during bicarbonate titration experiments. In the con-
trol group receiving a constant diet, GFR was reduced to 15.0 ml!
mm. The fractional excretion of sodium (FENa) rose to 1.42%, and
the fractional excretion of phosphorus (FEe) rose to 32.37%. In a
second group, GFR was decreased to 18.0 mI/mm, and FENa rose
to 1.32%, but FE remained at a low level as the result of propor-
tional reduction of phosphate intake. The bicarbonate reabsorptive
capacity was increased significantly in this latter group in compari-
son to the control group. In a third group, GFR was decreased to
16.9 mllmin and FE rose to 24.96%, but FENa remained at a low
level as the result of a proportional reduction of sodium intake. In
this group, bicarbonate reabsorptive capacity was reduced mark-
edly in comparison to the control group and did not appear to be
different from the reabsorptive capacity reported previously in
normal dogs. At all comparable levels of fractional excretion of
chloride (FE1), bicarbonate reabsorption was increased in group
II compared to control and reduced in group III compared to
control. The ratio of absolute bicarbonate reabsorption to absolute
sodium reabsorption was examined at multiple points as plasma
bicarbonate was increased. At all concentrations of plasma bicar-
bonate, the ratio was higher in group II and lower in group I than in
controls. At all levels of sodium balance during the study, bicar-
bonate reabsorption was increased in group II and reduced in
group III compared to control. A fourth group received a high
chloride diet. No correlation between dietary chloride intake and
bicarbonate reabsorption was demonstrated. The data demon-
strate that proportional reduction of phosphate intake in the dog
with experimental renal disease allows for an enhancement of the
capacity to reabsorb bicarbonate. Proportional reduction of
sodium intake in the dog with experimental renal disease is associ-
ated with a decreased capacity to reabsorb bicarbonate. These
effects do not appear to be related to the status of the extracellular
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fluid volume, to differences in plasma carbon dioxide tension, or to
differences in plasma potassium.
Reabsorption de bicarbonate au cours de l'insuflisance rénale
expérimentale: L'effet de Ia reduction proportionnelle de I'apport
de sodium ou de phosphate. La reabsorption de bicarbonate par
unite de debit de filtration glomérulaire (GFR) chez le chien en
situation d'insuffisance rénale expérimentale sévère a été consi-
dCrée comme augmentée par rapport aux debits de reabsorption
obtenus chez des chiens normaux. L'augmentation survient
malgré l'excrétion fractionnelle élevée de phosphate et de sodium,
facteurs dont on s'attendrait a cc quils soient associés a une
diminution de Ia capacité de reabsorption du bicarbonate. Ce
travail étudie l'effet d'une reduction proportionnelle de l'apport
soit de phosphate soit de sodium sur Ia capacité qu'a Ic chien en
insuffisance rénale expérimentale de réabsorber le bicarbonate au
cours d'expériences de titration. Dans Ic group contrôle, qui reçoit
une alimentation constante, GFR est réduit a 15,0 mI/mm. FENa
augmente jusqu'à 1,42% et FE a 32,37%. Dans un deuxième
groupe GFR est diminué a 18 mI/mm et FEN, augmente a 1,32%
mais FE reste a une valeur basse en raison d'une reduction
proportionnelle de l'apport de phosphate. La capacité de reabsorp-
tion du bicarbonate est augmentée significativement dans ce der-
nier groupe par comparaison avec le groupe contrôle. Dans un
troisiCme groupe GFR est diminué a 16,9 mI/mm, FE augmente a
24,9%, mais FENa reste a une valeur basse en raison d'une réduc-
tion proportionnelle a l'apport de sodium. Dans ce groupe, Ia
capacité de reabsorption du bicarbonate est réduite de façon
importante par comparaison avec le groupe contrôle et ne parait
pas différer de Ia capacité de reabsorption observée antérieure-
ment chez les chiens normaux. A tous les niveaux comparables de
FE1 Ia reabsorption du bicarbonate est augmentée dans Ic groupe
II et réduite dans le groupe III par comparaison au groupe con-
trôle. Le rapport de Ia reabsorption absolue du bicarbonate sur la
reabsorption absolue de sodium a été étudié a de nombreuses
reprises alors que Ic bicarbonate plasmatique augmentait. A tous
les niveaux de bicarbonate plasmatique, Ic rapport était supCrieur
dans le groupe II, et inférieur dans le groupe III, au groupe
contrôle. A tous les niveaux de bilan du sodium au cours de
l'étude, la reabsorption du bicarbonate était augmentée dans le
groupe II et réduite dans le groupe III par comparaison avec les
contrôles. Un quatrième groupe a reçu une alimentation riche en
chore. Aucune correlation entre l'ingestion quotidienne de chiore
et la reabsorption de bicarbonate n'a Pu étre misc en evidence. Las
résultats montrent que Ia reduction proportionnelle de l'apport de
phosphate chez Ic chien en insuffisance rénale expérimentale per-
met une augmentation de la capacité de réabsorber du bicarbonate.
La reduction proportionnelle de l'apport de sodium est associée a
une diminution de cette capacité. Ces effets ne paraissent pas être
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en rapport avec l'état du volume des liquides extracellulaires, ou
des differences de Pco2 du plasma ou des differences du potassium
du plasma.
Metabolic acidosis is a common and often life
threatening consequence of advanced renal disease
in man. The major cause for the development of
acidosis appears to be a decrease in capacity of the
surviving nephrons to generate new bicarbonate by
the synthesis and titration of ammonia [1]. Other
factors, however, may also be of importance. The
ability to reabsorb bicarbonate is reported to be
diminished both in uremic man [2-4] and in uremic
rats [5, 6]. In man this decrease appears to limit the
ability of the kidney to sustain normal plasma bicar-
bonate concentrations, even when the latter are
restored temporarily by artificial means [2]. Increas-
es in extracellular fluid volume, or some conse-
quence of it [3, 7], and increases in parathyroid
hormone levels [4] have been suggested to be factors
causing the abnormality.
Recently, using bicarbonate titration techniques
on dogs that had an experimental form of chronic
renal failure, we demonstrated that their surviving
nephrons had an enhanced capacity for reabsorbing
bicarbonate [8]. This enhanced capacity for bicar-
bonate reabsorption existed despite the coexistence
of high fractional excretion rates for sodium, for
potassium, for chloride, and for phosphate. At all
levels of positive sodium balance, the dogs with
experimental renal disease demonstrated enhanced
bicarbonate reabsorption (expressed per unit of
GFR) when compared with normal dogs.
In this study, we examine the effects on bicarbon-
ate reabsorption of prospectively preventing the
development of high fractional excretion rates for
phosphate or for sodium while renal disease is being
induced. Using the technique of "proportional
reduction" of phosphate intake [9] or of sodium
intake [10], we have created an experimental state of
severe chronic renal disease in dogs in whom either
fractional phosphate excretion or fractional sodium
excretion has been kept normal. We have performed
bicarbonate titration studies in these animals, and
have compared their rates of bicarbonate reabsorp-
tion (expressed as THco3/GFR) to the rates obtained
in a group of dogs who have been maintained on a
normal intake of sodium and phosphate while the
chronic renal disease has been induced and who have
developed high fractional excretion rates of both
sodium and phosphate. The results suggest that
decreasing fractional phosphate excretion in dogs
with experimental renal disease increases the thresh-
old for bicarbonaturia and increases the capacity to
reabsorb bicarbonate. Decreasing salt intake in dogs
with experimental renal disease decreases the capac-
ity to reabsorb bicarbonate to the levels obtained
previously [8] for dogs with normal kidneys.
Methods
Female mongrel dogs weighing between 15 and 20
kg were used in this study. The method of inducing
the experimental state of chronic renal failure has
been described previously [10, 11]. In brief, it
involved a two-stage surgical procedure of an initial
unilateral subtotal renal infarction and one week lat-
er, a contralateral nephrectomy. This technique per-
mitted the reduction of glomerular ifitration rates by
an average of 80% [10, 11] and produced an animal
model with stable, advanced renal failure. Bicarbon-
ate titration studies were performed 10 to 18 days
after the nephrectomy procedure was done.
Four groups of dogs were studied. In the first
group (12 dogs), the daily intake of sodium, potas-
sium, chloride, and phosphate was constant through-
out the course of study. They received 120 mmoles
of sodium, 60 mmoles of potassium, 31 mmoles of
neutral phosphate, and 124 mmoles of chloride per 24
hr. The electrolytes were fed in conjunction with an
electrolyte-free diet ("Low Phosphate Diet with
Sodium and Potassium Omitted," Nutritional Bio-
chemical Division, ICN, Cleveland, OH), in equally
divided portions by orogastric entubation twice
daily.
In the second group (8 dogs) the basic diet and the
daily intake of sodium and potassium were the same
as in group I. Dietary sodium remained at 120
mmoles/day, and dietary potassium was constant at
60 mmoles/day throughout the study. The daily phos-
phate intake, initially 31 mmoles/day, was progres-
sively reduced in proportion to GFR each time GFR
was reduced surgically, so that the excretory load
per unit of GFR would remain constant as renal
failure was induced. The technique, proportional
reduction of phosphate intake, has been detailed
previously [91. By this method, phosphate intake
was reduced by approximately 80%. To preserve
cation balance during this period, chloride intake
was increased.
In the third group (8 dogs), the basic diet and
intake of potassium and phosphate were constant
throughout the course of study. Potassium intake
was 60 mmoles/day. Phosphate intake was 31
mmoles/day. In this group, the daily sodium intake,
initially 120 mmoles/day, was progressively reduced
in proportion to GFR each time GFR was decreased
surgically. Chloride intake also was diminished in
this group so that the intake of potassium and phos-
phate could remain constant.
Because dietary chloride varied among the three
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groups, as a necessity to keep anion and cation
balance while dietary sodium and phosphate levels
were manipulated, in a fourth group (6 dogs), we
maintained the dietary intake of sodium, potassium,
and phosphate constant while altering dietary chlo-
ride intake. In this group, dietary chloride was
increased to 204 mmoles/day by the addition of
ammonium chloride.
Once nephrectomized, all dogs were maintained
on their respective diets for a minimum of ten days
prior to study. The animals were studied in the morn-
ing 18 hr after their last feeding. They had free access
to water up to the time of the study. A femoral artery
catheter for blood sampling and a saphenous vein
catheter for infusion were placed percutaneously
under local anesthesia. An inflatable rubber catheter
was placed in the bladder, and urine was collected
under a thick layer of light mineral oil, with manual
compression of the bladder at the end of each clear-
ance period. Throughout the study, the animals were
awake and stood quietly in a supporting sling without
sedation.
A standard bicarbonate titration technique [8],
similar to that used by Pitts and Lotspeich [12], was
employed in all studies. The technique involved the
i.v. infusion of 5% sodium bicarbonate at rates which
progressed from I to 12 ml/min, so that plasma bicar-
bonate concentration would rise slowly, but progres-
sively. The titrations were terminated only when
plasma bicarbonate reabsorption appeared stable,
such that further increases in the filtered load of
bicarbonate were not associated with increased rates
of reabsorption. The threshold for bicarbonaturia,
expressed per unit of GFR (THco3/GFR), was
defined as the reabsorptive rate measured during the
clearance period in which bicarbonaturia first
appeared. The maximal rate of bicarbonate reabsorp-
tion per unit of GFR (TM/GFR) in each animal was
defined as the reabsorptive rate obtained beyond
which further elevations in the filtered load of bicar-
bonate were unassociated with increased reabsorp-
tion. A sustaining solution of 2.5% dextrose and 1%
creatinine in distilled water was infused at 2 mllmin
throughout the experiment.
Creatinine and phosphorus concentrations of
blood and urine were measured on an autoanalyzer.
Sodium and potassium concentrations were mea-
sured by flame photometry. Chloride concentrations
were measured on a chloride meter (Corning). The
pH and Pco2 of heparinized blood and urine samples
were measured immediately on being obtained, using
a blood gas analyzer (Corning, model 601). Bicarbon-
ate concentrations of blood and urine were calculat-
ed using the Henderson-Hasselbalch equation. Cor-
rection of the PKa for blood and urine was made
according to the method of Hastings and Sendroy
[13]. A constant of 0.0309 was employed to calculate
the effective carbonic acid concentration from Pco2
levels in the urine. Appropriate Gibbs-Donnan fac-
tors were employed in calculating the ifitration rates
for sodium, potassium, bicarbonate, and chloride.
Calculations and statistical analyses were performed
on a computer (Olivetti, model P602). Student's t
test for unpaired data was employed for most statisti-
cal comparison of the groups. Linear regression anal-
ysis was also employed where appropriate. A 2P
value < 0.05 was accepted as indicative of the exis-
tence of significant differences between groups.
Results
Fasting renal function data is summarized for the
four groups in Table 1. Glomerular ifitration rate
(GFR) was reduced to 15.0 mI/mm in group I dogs, a
value approximately 80% lower than the GFR value
obtained in the same dogs prior to surgery. The
glomerular filtration rates in groups II, III and IV
were not significantly different from the values
obtained in group I. Fasting fractional sodium excre-
tion (FENa) in group I animals averaged 1.42% and
was not significantly different in group II animals.
Both values were increased over the values which
would be anticipated in normal dogs studied under
similar circumstances' and reflect in both groups the
increase in sodium excretion per nephron required to
maintain external balance at low GFRs when sodium
intake is normal. In group III, fasting FENa averaged
0.52%, significantly lower (2P < 0.005) than the
value obtained in group I and similar to the value
which would be anticipated in normal dogs studied
under similar circumstancesa. Fractional phosphate
excretion (FEy) in group I averaged 32.37% in the
fasting state. It was not significantly different in
Group III, but both values were distinctly higher
than the value which would be anticipated in normal
dogs receiving the same dieta. In group II, animals
subjected to a proportional reduction of phosphate
intake, the fractional phosphate excretion averaged
5.64%, significantly lower (2P <0.02) than the value
obtained in group I. Fasting arterial pH was 7.42 in
group I animals and was not different in either group
II or group III animals. Fasting arterial blood pH was
significantly reduced in group IV as the result of the
high chloride diet. Fasting plasma bicarbonate con-
a Values for FENaand FE of normal conscious dogs studied under
similar circumstances were < 0.05% and < 15.00%, respectively
[8-11]. The fasting values, while reflective of the mean 24-hr
values, could not be extrapolated to values for 24-hr excretion
rates since they reflected only a low rate that existed prior to
feeding.
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Table 1. Renal function in dogs with experimental renal diseasea
Group 1b Group IF Group 111d Group ive
(N 12) (N = 8) 2P (N = 8) 2P (N = 6) 2P
Glomerular filtration rate, 15.0 2.0 18.0 2.8 NS 16.9 2.5 NS 14.0 2.4 NS
mi/mm
Fractional sodium 1.42 0.18 1.32 0.10 NS 0.52 0.16 <0.005 2.07 0.19 NS
excretion, %
Fractional phosphate 32.37 7.84 5.64 3.26 <0.02 24.96 4.68 NS 28.37 7.25 NS
excretion, %
Fractional chloride 1.23 0.64 1.47 0.22 NS 0.64 0.16 NS 2.22 0.34 <0.05
excretion, %
UKV/100GFR, Eq/lOOmi 109.2 34.1 61.8 22.8 NS 76.7 29.5 NS 209.9 39.1 NS
Arterial pH 7.42 0.01 7.42 0.01 NS 7.43 0.01 NS 7.29 0.03 <0.001
Pco2, mmHg 36.8 1.2 33.0 0.9 <0.05 31.2 2.0 <0.025 30.1 2.0 < 0.02
Bicarbonate, mEqiliter 23.1 0.8 20.8 0.6 NS 20.8 0.9 NS 14.4 1.7 <0.001
a Clearance data on dogs with experimental renal disease in the fasting state were obtained during control periods prior to iv. sodium
bicarbonate infusion. Data are expressed as mean value SEM. 2P values are for the comparison of group I with either group 11, group III,
or group IV. N denotes number of dogs studied.
Group I are dogs maintained on a normal diet throughout the course of study.
Group II are dogs who were subjected to a proportional reduction of dietary phosphate intake as renal disease was induced.
d Group III are dogs who were subjected to a proportional reduction of sodium intake as renal disease was induced.
Group IV are dogs similar to group I but have received a high chloride intake.
centrations in group I averaged 23.1 mEq/liter and
were not significantly different in groups II and III,
but they were reduced to 14.4 mEq/liter in group IV
animals. Plasma potassium and the urinary excretion
of potassium (UKV) per 100 ml of GFR averaged 4.2
mEq/liter and 109.2pEq/100 ml of GFR, respective-
ly, in group I animals. The values in the other groups
were not significantly different. Plasma chloride
averaged 105.3 niEq/liter in group I and was not
significantly different in either group II or III, but
was increased to 113.6 mEq/liter in group IV. Fasting
fractional chloride excretions appeared highest in
group IV and lowest in group III, possibly reflecting
the differences in dietary chloride intake, but the
differences did not reach a level of significance
except in group IV, where fasting FE1 was
increased to 2.22%.
Table 2 summarizes the data obtained in the four
groups during the course of the bicarbonate titration
experiments. In group I, the threshold for bicarbona-
tuna occurred at a plasma bicarbonate concentration
of 28.7 mEq!liter and at a reabsorptive rate of 30.2
mEq/liter of GFR. The pattern of bicarbonate reab-
sorption obtained in this group, as plasma bicarbon-
ate was elevated further, is summarized in Figure 1.
The rate of reabsorption continued to rise, but to an
ever decreasing degree until an apparent maximal
reabsorptive rate was attained. The maximum reab-
sorptive rate in group I animals was 604 p.Fqlmin.
Expressed per unit of GFR (TM/GFR), a rate of 39.9
mEq/liter GFR was attained. This maximum rate of
reabsorption was attained at a plasma bicarbonate
concentration of 46.7 mEq/liter—well below the
maximum plasma bicarbonate concentration
attained.
In the eight dogs subjected to a proportional reduc-
tion of phosphate intake (group II), a different pat-
tern of bicarbonate reabsorption was obtained. This
pattern has been summarized in Figure 2. The
threshold for bicarbonaturia occurred at a plasma
bicarbonate concentration of 36.1 mEq/liter and at a
reabsorptive rate of 38.8 mEq/liter of GFR, both
values being significantly higher (2P < 0.005) than
the values obtained in group I animals (Table 2). The
maximum reabsorptive rate attained by this group
averaged 784 .tEq!min. The maximal rate of reab-
sorption per unit of GFR (TM/GFR) was increased to
44.1 mEq/liter GFR, significantly higher (2 p <
0.025) than the value obtained in group I. This maxi-
mal reabsorptive rate was not attained until the plas-
ma bicarbonate concentration had been elevated to
57.8 mEqlliter.
In the eight dogs of group III, in whom a propor-
tional reduction of sodium intake prevented an
increase in the fractional excretion of sodium, a third
pattern of bicarbonate reabsorption was obtained
(Figure 3). In this group of animals, the threshold for
bicarbonaturia was reached at a plasma bicarbonate
concentration of 30.3 mEq!liter and at a reabsorptive
rate of 30.9 mEq/liter GFR. This value was not
significantly different from the value obtained in
group I animals. The maximal reabsorptive rate aver-
aged 608 pFq/min. The TmIGFR in this group aver-
aged 35.3 mEq/liter GFR, significantly lower (2 P <
0.02) than the levels attained in either group I or
group II. This value for Tm!GFR is not significantly
different from the value of 34.0 1.4 mEq/liter GFR
obtained previously in normal dogs [8] when using
an identical titration technique. In Figures 1 through
3, a dashed line, representing the curve previously
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Plasma bicarbonate, mEq//iter
Fig. 1. Bicarbonate reabsorptive pattern in 12 dogs with experi-
mental renal disease maintained on a normal diet (group I).
Plasma bicarbonate concentration was progressively elevated by
i.v. infusion of sodium bicarbonate. Each closed circle represents
an average of five values in sequence as plasma bicarbonate was
elevated. The dotted line is the pattern obtained in normal dogs [8]
and is included for reference only.
Fig. 2. Bicarbonate reabsorptive pattern in eight dogs with experi-
mental renal disease subjected to a proportional reduction of
dietary phosphate intake. Closed circles are plotted as detailed in
Figure 1. The dotted line represents the pattern obtained in normal
dogs [8] and is included for reference only.
Table 2. Patterns of bicarbonate reabsorption in dogs with experimental renal diseasea
GFR
Thresholda TMh
THCO3/GFRC Pco2 PHCo FENa FE1 THCO3/GFRC Pro2 PHC03 FE5a FE1
mi/mm mEqiliter GFR mm Hg mEqiliter % % mEq/liter GFR mm Hg mEqlliter % %
Group P (N = 12)
Mean 15.0 30.2 34.2 28.7 1.99 1.71 39.9 43.1 46.7 9.60 2.82
SEM 2.0 1.1 1.1 1.2 0.61 0.78 1.0 1.7 2.7 1.43 0.66
Group II (N = 8)
Mean 18.0 36.8 33.0 36.1 1.73 1.44 44.1 45.7 57.8 13.66 2.66
SEM 2.8 1.6 1.3 1.5 0.38 0.09 1.2 1.2 3.5 2.76 0.94
2P NS <0.005 NS <0.005 NS NS <0.025 NS <0.025 NS NS
Group II1 (N = 8)
Mean 16.9 30.9 32.5 30.3 1.72 0.70 35.3 39.5 42.4 8.38 2.37
SEM 2.5 1.9 2.0 1.8 0.31 0.09 1.4 2.3 2.9 2.53 0.79
2P NS NS NS NS NS NS <0.02 NS NS NS NS
Group 1V5 (N = 6)
Mean 14.0 30.1 33.7 28.8 2.20 1.94 36.2 41.6 47.5 10.01 2.75
SEM 2.4 1.6 2.2 1.6 0.37 0.31 2.5 1.3 2.2 1.72 1.02
2P NS NS NS NS NS NS NS NS NS NS NS
a Values reported for the threshold are those values obtained during the clearance period in which bicarbonaturia occurred.
Values reported for TM (maximal rate of bicarbonate reabsorption) are the values obtained during the clearance period beyond which
bicarbonate reabsorption was stable despite further elevation of the filtered bicarbonate load.
In calculating values for THCO3/GFR (threshold for bicarbonaturia), a Gibbs-Donnan factor of 1.05 was used.
2P values are for the comparison of group I data with either group II, group III, or group IV data.
Group I dogs are dogs with experimental renal disease maintained on a normal dietary intake of sodium and phosphate.
Group II are dogs with experimental renal disease subjected to a proportional reduction of dietary phosphate intake.
Group III are dogs with experimental renal disease subjected to a proportional reduction of sodium intake.
Group IV are dogs with experimental renal disease receiving a high chloride intake. /,/50- /
N
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Plasma bicarbonate, mEq/liter
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obtained in normal dogs 118], is included as a refer-
ence to facilitate comparisons between the three
groups of present concern. It may be observed that
beyond the threshold level for bicarbonaturia, the
rate of reabsorption at any given level of plasma
bicarbonate in group I dogs is greater than normal (as
has been previously reported). The rate is not maxi-
mum, however, since in group II animals an even
higher rate has been obtained. In group III animals,
the decrease in dietary salt intake appears to have
decreased bicarbonate reabsorption to levels below
the levels of group I animals. The pattern of bicar-
bonate reabsorption in group III animals is indistin-
guishable from the pattern obtained previously in
normal dogs.
Because, in groups I through III, dietary chloride
intake was varied as a consequence of the propor-
tional reduction of sodium intake or phosphate
intake and because, amongst these three groups, a
correlation between chloride intake and bicarbonate
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Fig. 3. Bicarbonate reabsorpti%'e pattern in eight dogs with experi-
mental renal disease subjected to a proportional reduction of
dietary sodium intake. Closed circles are plotted as detailed in
Figure 1. The dotted line represents the pattern obtained in normal
dogs [8] and is included for reference only.
reabsorptive capacity might possibly exist, dogs in
group IV were placed upon an altered chloride
intake, while maintaining a constant sodium, potas-
sium, and phosphate intake. As demonstrated in
Tables 1 and 2, this group differed from group I in
having developed a metabolic acidosis, but did not
demonstrate an increased capacity for bicarbonate
reabsorption. In Figure 4, a comparison is made
between dietary chloride intake and the bicarbonate
reabsorptive capacity measured in the four groups.
No consistent pattern was observed.
During the course of bicarbonate infusion, all
groups underwent extracellular fluid volume expan-
sion. The differences in estimation of both bicarbon-
aturic threshold and the maximal bicarbonate reab-
sorptive rates could be explicable on the basis of
differences in degree of volume expansion or rate of
volume expansion. To examine this problem, we
have compared the reabsorptive rates for bicarbon-
ate of groups I—Ill to concurrent fractional chloride
excretion rates and also have compared the ratio of
absolute bicarbonate/absolute sodium reabsorption
in the three groups at comparable plasma bicarbon-
ate levels. As shown in Figure 5, at all rates of
chloride excretion, the rate of bicarbonate reabsorp-
tion appeared highest in the group II dogs and lowest
in the group III dogs. As suggested by the work of
Arruda et al [14], we have compared the ratio of
absolute bicarbonate reabsorption/absolute sodium
reabsorption to plasma bicarbonate concentration
during the course of bicarbonate titration as an index
of bicarbonate reabsorption, independent of the
effects of extracellular fluid volume expansion. As
shown in Figure 6, three separate plots were
.
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—
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mEg/day
Fig. 4. Maximum bicarbonate reabsorption in dogs with experi-
mental renal disease as a function of dietary chloride intake.
Closed circles represent values for the 34 studies obtained in all
dogs of this study irrespective of dietary sodium, phosphate, or
acid. Linear regression analysis demonstrated an r value of 0.36 P
value being > 0.05.
Fig. 5. The relationship beni'een bicarbonate reabsorption
(THco3), expressed as reabsorption/unit GFR, and fractional
chloride excretion (FE1) during sodium bicarbonate infusion in
dogs with experimental renal disease. Group I is depicted by the
dark slashed bars; group II, by the cross-hatched bars; and group
III, by the stippled bars.
obtained for the three groups studied. At all concen-
trations of plasma bicarbonate measured, the ratio of
absolute bicarbonate reabsorption to absolute
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Fractional excretion of chloride,
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sodium reabsorption was highest in group II. Linear
regression analysis of these points gave an equation
for the slope of: y = 3.04 x l0 X + 0.18, r = 0.94,
P < 0.001. For group I, linear regression analysis
gave an equation for the slope of: y = 2.30 x l0 X
+ 0.19, r = 0.79, P < 0.001. For group III, the
equation obtained for the slope was: y = 1.62 x l0
X + 0.19, r = 0.63, P < 0.01. These results also
suggest that the differences between groups cannot
be ascribed to differences in extracellular fluid vol-
ume expansion. Lastly, comparing the rates of bicar-
bonate reabsorption in the three groups at fixed inter-
vals of positive sodium balance (Fig. 7), bicarbonate
reabsorption is highest in group II and lowest in
group III at all points of comparison. Collectively,
this data suggests that even when the influences of
extracellular fluid volume expansion upon reabsorp-
tion of bicarbonate are considered, group II animals
have higher bicarbonate reabsorptive rates, and
group III have lower bicarbonate reabsorptive rates
than group I at all levels of plasma bicarbonate above
threshold.
Discussion
In uremia, external balance for sodium, potas-
sium, chloride, and phosphate is maintained until
very late in the course of the disease, even though
dietary intake is unaltered. Under these circum-
stances, the fractional excretion of each solute must
rise in inverse proportion to the fall in GFR, and
much evidence has been adduced to suggest that
these changes are adaptive in nature, rather than a
consequence of the disease process itself. Prior stud-
ies have shown that increases in fractional excretion
of sodium [11, 15], of potassium [16], and of phos-
phate [9] in uremia can be prevented if, as GFR falls,
the intake of such solutes is diminished in direct
proportion to the fall in GFR, confirming that the
changes in fractional excretion of these solutes are
adaptive in nature and are reversible. The present
study also demonstrates that increases in fractional
sodium and phosphate excretion in uremia are adap-
tive and preventable.
Until quite recently, and despite occasional, but
clear reports to the contrary [17, 18], it has been
generally accepted that bicarbonate reabsorptive
capacity per nephron is diminished in uremia [2-7].
The explanations for this decrease are drawn in part
from reports of the factors affecting bicarbonate
reabsorption in normal man, rat, and dog. Much of
this knowledge has been gained from bicarbonate
titration studies similar in design to those employed
iii this study. One factor postulated to be important
in altering bicarbonate reabsorption in renal failure is
the level of parathyroid hormone (PTH) in the blood.
It has been demonstrated that hyperparathyroid
patients have a limited capacity to reabsorb bicar-
bonate [19], whereas hypoparathyroid or parathy-
roidectomized patients appear to have an increased
capacity for bicarbonate reabsorption 114, 20]. Severe
hyperparathyroidism is a normal concomitant of
advanced renal disease [4, 8, 21], and it might be
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Fig. 6. The ratio of absolute bicarbonate reabsorption to absolute
sodium reabsorption plotted against plasma bicarbonate concen-
tration for three groups of dogs with experimental renal disease
(see text). The closed circles (.)depict values for group I dogs; the
open circles (o) depict values for group II dogs; and the open
triangles (z) depict values for group III dogs.
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Fig. 7. Bicarbonate reabsorption in dogs with experimental renal
disease measured during bicarbonate titration experiments and
compared at specified intervals of positive sodium balance.
Hatched bars represent group I animals, stippled bars represent
group II, and solid dark bars represent group III. Data is repre-
sented SEM of mean.
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expected that bicarbonate reabsorption would be
reduced as a consequence of the increased PTH
levels, but the issue remains unclear. Experiments
designed to evaluate the effects of PTH on bicarbon-
ate reabsorption have not been in agreement in either
normal or uremic animals [22-25]. In studies of
uremic humans, Muldowney et al [4] have reported
that either parathyroid-suppressive therapy or surgi-
cal parathyroidectomy results in an increased bicar-
bonate reabsorptive capacity. In uremic dogs, Arm-
da et al have reported that parathyroidectomy does
not alter bicarbonate reabsorption [14]. We have not
used surgical parathyroidectomy of a uremic animal
to keep circulation PTH levels low and fractional
phosphate reabsorption high because of the great
difficulty in chronically maintaining such animals
with normal plasma calcium and phosphorus concen-
trations. Rather, we have used the proportional
reduction of phosphate intake and have prevented
the development of high fractional excretory rates
for phosphate. Bicarbonate reabsorption is enhanced
in these animals, despite the presence of parathyroid
glands. Since plasma PTH levels were not measured
in this study, we cannot directly link the observed
changes in bicarbonate reabsorption to differing plas-
ma VFH levels. The association is inferential and
based upon differences in fractional phosphate
excretion between groups I and II. The inference
appears valid, however, since a high degree of corre-
lation between PTH levels and fractional phosphate
excretion has been observed previously in studies of
this model and in man [9, 31, 32]. Unlike uremic man
in whom dietary phosphate restriction increases
bicarbonate reabsorption from an abnormally low
level to a more normal level, in the present study of
the dog, the increase is small and additive to a rate of
reabsorption that is already higher than normal. Our
results differ somewhat from those of Arruda et al
[14]. This may be due, at least in part, to differences
in methodology and the fact that the effect in the
present study of a reduction in dietary phosphate is
small when superimposed upon a background of
heightened reabsorption due to other factors.
A second factor thought to be important in altering
bicarbonate reabsorption by the kidney is the change
in sodium reabsorption brought about by changes in
extracellular fluid volume. Acute extracellular fluid
volume expansion is characteristically associated
with a. decrease in fraction sodium reabsorption and
a decrease in bicarbonate reabsorption [14, 24-28]. A
high degree of correlation between absolute sodium
reabsorption and absolute bicarbonate reabsorption
has been demonstrated [14]. A similar correlation
has been demonstrated between bicarbonate reab-
sorption and fractional sodium reabsorption when
the latter has been varied acutely [ 3, 28, 29]. Bicar-
bonate reabsorption can be enhanced by acute con-
traction of the extracellular fluid volume [28] and by
the use of "minimal expansion" techniques during
the acute study [3, 6, 26]. It has been postulated,
therefore, that the decrease in bicarbonate reabsorp-
tion seen when sodium reabsorption has been acute-
ly diminished is the result of inhibition of sodium
reabsorption [3] and that, more specifically in ure-
mia, a decrease in ability to reabsorb bicarbonate
may reflect a sacrifice for the ability to diminish
fractional sodium reabsorption and maintain external
salt balance on a normal diet intake [3, 5, 6, 26].
Such postulates, however, are based upon the acute
effects of changes in extracellular fluid volume and
not upon data of the effects of chronic changes in
dietary salt intake or upon the effects of chronic
adaptations to a constant salt intake. There is not
necessarily any correlation between acute and
chronic effects, however.
The most difficult aspect to deal with in the present
study involves the effects of proportional reduction
of sodium intake. Espinel has presented data which
suggests that bicarbonate reabsorption in the uremic
rat is reduced and that a decrease in dietary salt
causes bicarbonate reabsorptive capacity to increase
[6]. It is not clear how to compare these studies to
the present observations. Espinel has demonstrated
that bicarbonate reabsorption in the uremic rat is
sensitive to changes in extracellular fluid volume.
The study did not, however, examine how bicarbon-
ate reabsorption might be altered independent of
effects on volume. The present studies also demon-
strate that bicarbonate reabsorption is affected by
acute changes in extracellular fluid volume, but in
addition, as shown in Figures 6 and 7, they demon-
strate that when comparisons are made at specific
volume levels bicarbonate reabsorptive capacity is
reduced by the proportional reduction of sodium
intake. Both our previous studies [8], the current
studies, and the studies reported by Arruda et al [14]
have demonstrated an increased reabsorptive capaci-
ty for bicarbonate in the uremic dog. No studies of
the effects of the chronic reduction in dietary salt on
bicarbonate reabsorption have been reported for the
uremic dog, and the ability to compare the dog with
the rat models of experimental renal disease is specu-
lative. In the present study, dietary salt intake has
been reduced proportionate to the reduction of gb-
merular ifitration rate. Such animals maintained
chronically on a low salt intake have a reduced
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capacity for bicarbonate reabsorption, compared to
the control group. The differences exist at all compa-
rable rates of chloride excretion, at all comparable
levels of sodium balance, and at all comparable
ratios of absolute bicarbonate/absolute sodium reab-
sorption. The differences in bicarbonate reabsorp-
tion capacity between groups I and III could be
explained on the basis of known factors affecting
bicarbonate reabsorption, if group I animals were
volume-contracted at the time of study, but this
explanation seems unlikely. In studies of dogs with
experimental renal disease maintained on a normal
salt diet, Schultze, Shaprio, and Bricker [11] demon-
strated that both inulin space and blood volume were
normal. Moreover, were extracellular fluid volume
depletion the cause for the high bicarbonate reab-
sorptive capacity in group I dogs, then a reduction of
dietary salt (as in group III) might have been expect-
ed to worsen that state and cause further enhance-
ment of bicarbonate reabsorptive capacity—the
exact opposite of the effect observed in the present
study. A difference between group I and III in the
rates of intravascular volume expansion produced
during the titration study is also an unlikely factor.
As shown in Figures 4-6, all indices of volume expan-
sion demonstrate that bicarbonate reabsorption is
less in group III than in group I, regardless of which
parameter is employed or which level of volume
expansion is selected. Differences in the response to
acute intravascular volume expansion thus do not
appear to account for the observed differences in
bicarbonate reabsorptive capacity between groups.
Small differences in arterial Pco2 did exist between
the three groups when studied in the fasting state,
but such differences did not exist during the course
of the bicarbonate titrations. Thus, we feel it unlikely
that the differences are ascribable to the effects of
differences in Pco2. No differences in plasma potas-
sium concentrations or in urinary potassium excre-
tion rates were apparent. Differences in intracellular
potassium concentrations (i.e., high intracellular
potassium concentrations in group III and low intra-
cellular potassium concentrations in group I) could
exist and provide a basis of explanation for these
results, but these were not assessed in this study. We
have no basis for implicating such a mechanism. We
have previously presented data in uremic and normal
dogs which suggested the existence of a natriuretic
factor [10, 33]. Such factors may also be present in
both uremic and normal man [30] and may be
responsible, in part, for the existence of high rates of
fractional sodium excretion. Proportional reduction
of sodium intake in the uremic dog results in
decreased rates of sodium excretion and in undetect-
able levels of natriure tic material [10]. The enhanced
rate of bicarbonate reabsorption in group I dogs with
high rates of sodium excretion and the lowered rate
of bicarbonate reabsorption in group III dogs with
low rates of sodium excretion thus suggest that the
alterations in bicarbonate reabsorption observed are
not likely to be mediated through alterations in levels
of this inhibitor of sodium transport.
In groups II and III, dietary manipulations were
performed primarily to alter sodium and phosphate
intake. Unavoidably, dietary chloride intake was
also changed. Since changes in chloride intake might
also contribute to the changes in bicarbonate reab-
sorption, we examined, in group IV, the effects of
altering chloride intake independent of the intake of
sodium or phosphate. Comparing dietary chloride
intake with maximum bicarbonate reabsorption for
all groups failed to demonstrate such an effect of
chloride (Fig. 4). In the high chloride group, bicar-
bonate reabsorption actually appeared lower than in
two of the other groups (Table 2), suggesting that the
dietary chloride has not been a consistent factor in
the change observed for bicarbonate reabsorption.
Although we have no ready explanation for the
observation that a chronic reduction of dietary salt
causes a decrease in the rate of bicarbonate reab-
sorption in the uremic dog model, the phenomenon
appears to be real. The effect of acute intravascular
volume expansion demonstrated by Kurtzman [28],
Slatapoisky et al [3], Espinel [6], and by the present
studies appears to be separate from the effects of
chronic changes in salt intake. The present observa-
tions then may indicate an important effect of dietary
manipulation in renal disease and should be studied
further. Pending the outcome of such studies, it is
clear that this model may be very different from
uremic man. Considering the variations in the obser-
vations of bicarbonate reabsorption in renal insuffi-
ciency, depending upon whether the experimental
model is a dog, a rat, or a human, it is apparent that
comparisons between these species must be done
only with great caution.
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